The simultaneous extraction of oil and sand during the cold production of heavy oil generates high permeability channels termed "wormholes". The development of wormholes causes reservoir pressure decrease to the bubble point, resulting in dissolved-gas out of solution to form foamy oil. The foamy oil could fill depressurized drainage regions (production footprints) around the borehole, leading to fluid phase changes. The Gassmann equation has been employed to calculate the bulk modulus variations of the drainage rocks, where the velocity and density decrease dramatically due to some exsolved gas. In this paper, a 2D cold production model has been built to examine the seismic responses of drainage regions based on well logs in the Lloydminster cold production pool. The seismic modeling responses indicate amplitude anomalies and traveltime delays in these regions upon comparison of pre and post production results. However, because most heavy oil cold production reservoirs are very thin, with less than 10m of net pay, seismic resolution is a challenge. Different seismic frequency bandwidths have also been tested to look at how vertical seismic resolution determines the detection of the drainage regions.
Introduction
The extraction of heavy oil by cold production is a nonthermal process, in which sand and oil are produced simultaneously to enhance the oil recovery. This process has been economically successful in several unconsolidated heavy oil fields in Alberta and Saskatchewan. The reason for this is that producing sand creates a wormhole network and a foamy oil drive. These two effects are keys to boost the oil recovery.
Wormhole Network During the cold production process, both heavy oil and sand are transported to the surface using a progressive cavity pump, generating sharp pressure gradients in the reservoir. This results in a failure of the unconsolidated sand matrix. The failed sand flows to the well, triggering the development of wormholes. Sawatzky and Lillico (2002) believe that wormholes grow in unconsolidated, clean sand layers within the net pay zone, along the highest pressure gradient between the borehole and the tip of the wormhole. Wormholes usually can grow to a distance of 150 m or more from the original wells, forming approximately horizontal high permeability channels in the reservoirs.
Based on the laboratory experiments conducted by Alberta Research Council (ARC), Tremblay, et al (1999) observed that the porosity of the mature wormholes could reach 50% or more. He also determined wormhole diameters could range from the order of 10cm to one meter as the maximum size. Wormholes play an important role in the improvement of the reservoir permeability. However, Sawatzky believes that the wormhole density cannot exceed 5% of the total net pay. In this case, the wormhole contribution to the average porosity of the net pay is relatively small.
Foamy Oil Drive
The cold production process involves the depressurization of the reservoir while wormholes grow. The pressure falls below the bubble point, resulting in the exsolution of dissolved gases as bubbles within the oil. The viscosity and specific gravity of heavy oil restrict the gas bubbles from coalescing into a separate phase. Thus, the trapped gas bubbles within the heavy oil form the foamy oil. The formation of foamy oil increases the fluid volume within the reservoir, forcing grains apart, and driving both oil and gas to the wells through wormholes (Figure1). Therefore, foamy oil within the reservoir reduces the viscosity of heavy oil and enhances oil recovery. (Mayo, 1999 , referring back to earlier paper C-FRE report and Dusseault, 1994)
Drainage Footprints
The drainage footprints could be considered as the region that is depressurized. In cold production, the extent of the drainage region is strongly related to the growth of wormholes, where reservoir pressure has decreased. The drainage region can expand at least as far as the length of wormholes through the entire net pay. It can be simplified to a cylinder around the borehole. Figure 2 shows a 3D plane view and a 2D cross section of the drainage region. Filled with foamy oil, the drainage regions are highly disturbed from the initial state of the reservoir. (2002) showed a likely drainage footprint scenario for the cold production wells in the small Southwest Saskatchewan heavy oil pool, which helped engineers design infill drills and development plans. Engineers also believe that 3D time-lapse seismology could be a tool implemented in the imaging of the drainage region, caused by foamy oil and the presence of wormholes. Mayo (1999) showed some amplitude anomalies caused by foamy oil around the boreholes in a 3D time-lapse seismic survey from cold production in the Lloydminster area, which could represent the drainage regions ( Figure 3 ).
Figure 3 Seismic amplitude extraction from the MacLaren horizon (Mayo, 1999) . The 3D seismic program was shot 9 years after the pool was discovered.
Methods/Geological models
In order to detect the changes in the reservoir after production, physical properties of the reservoir rocks within the drainage regions need to be applied to time-lapse seismology. After the start of production, the reservoir fluids in the drainage regions have changed to the three phases of oil, gas (in foamy oil), and water from the two phases of oil and water before production. With fluid phase changes, Gassmann's equation (1951) is employed to calculate the saturated rock bulk modulus ( )
where, , , ,and
φ are the dry rock bulk modulus, the solid grain modulus, the fluid bulk modulus and the porosity. The shear bulk modulus is derived form the method provided by Bentley and Zhang (1999) .
To approximate the bulk modulus of the fluid mixture, two assumptions have to be made. If the fluids are mixed uniformly at a very fine scale with gas bubbles trapped within the heavy oil, the saturation weighted harmonic average is appropriate (Biondi et al., 1998 , Bentley, et al. 1999 :
Where, , , S S S g o w and , , K K K g o w are the gas, oil, water saturations and bulk moduli, respectively. In this situation, any small amount of gas will cause the estimate of the fluid mixture bulk modulus to be very low.
The other assumptions is that, if the fluids are "patchy" at a scale that is smaller than the seismic wave length, but larger than the scale at which the scale fluids can equilibrate pressures through local flow. The effective fluid bulk modulus is then larger. The upper bound on the fluid mixture bulk modulus is the saturation weighted arithmetic average (Voigt's model or isostrain average):
Considering the uncertainty of the fluid state, the average fluid bulk moduli from equations (2) and (3) is applied to the Gassmann equation. The computation of the bulk moduli of gas, oil and water has been demonstrated by Batzle and Wang (1992) . Table 1 shows the in-situ reservoir parameters before and after a 3-year production period provided by Sawatzky (Alberta Research Council). Table 2 contains the physical properties of reservoir rock in the drainage regions before and after production, and is calculated using the above formulae. With a 10 percent gas saturation, the saturated rock bulk modulus dramatically drops form10.6Gpa to 7.8Gpa , while the shear bulk modulus shows only a slight increase. Hence the P-wave velocity decreases to 2570 / m s from 2795 / m s , and S-wave velocity increases slightly due to the density decrease. Before production, the initial geological model was built based on the logs from one well drilled by EnCana Corporation in the Lloydminster heavy oil cold production pool (shown in Figure 4 ). The production zone is the McLaren Formation consisting of unconsolidated sand in the Upper Mannville BB Pool. From the porosity, gamma ray and resistivity logs (Figure 5 ), we can see that see that there are two main preferred net pay zones in the MacLaren Formation. One is from 745m to 750m and the other from 755m to 758m. During production, wormholes would likely grow within the two pay layers, where the drainage regions can be expanded and filled with foamy oil. Assuming that the diameters of the drainage region will be 200 m and 300 m through the entire pays due to the growth of wormholes. Therefore, a 2D model after the start of production will include two drainage regions around the well at CDP500 in the McLaren Formation (Figure 4 ). 
Modeling results
Based on the model shown in Figure 4 , zero-offset seismic traces with and without drainage regions were generated using the exploding reflector, then Kirchhoff depth migration was applied in the Promax software package. Figure 4 Geological model of the reservoir from well log (1000m in horizontal and depth directions, well at 500m) Figure 5 Two main net pays (745-750m, 755-758m) in MacLaren reservoir sand
The velocity and density grid is 1m by 1m. CDP intervals are 1 meter. Figure 6 illustrates the migrated sections of pre and post productions. As well, the difference between the two at a frequency bandwidth of 200Hz, where we can observe the amplitude anomalies and traveltime delays caused by the two drainage regions, with lower velocity and density comparing to the ambient rocks.
Changing the frequency bandwidth to 100Hz and 50Hz, we can only see the cumulative responses of the two drainage regions. This is almost unidentifiable in the 50Hz case (shown in Figure 7 ). Comparing with Figure 6 , where the two drainage regions are clearly separated, we believe that the seismic frequency bandwidth plays an important role in detecting the image of the drainage regions.
Conclusions
The cold production process in heavy oil is a unique procedure of producing oil and sand simultaneously, while generating high permeability wormhole channels within the reservoir. The presence of wormholes with depleted pressures lead to significant changes in reservoir characters from the initial state of the reservoir. This makes seismic Well detection of drainage regions (production footprints) practical using time-lapse seismology techniques. The length of wormholes determines the extent of the drainage regions, also called production footprints. Generally, the diameters of drainage regions cannot go too far away from the tip of wormholes. When reservoir pressures drop to the bubble point, the dissolved gas comes out of solution from the live oil, forming foamy oil. Hence, the exsolved gas changes the fluid phases in the drainage regions, leading to P-wave velocity and density decreases. These physical properties cause "bright spots" on the synthetic seismic traces. Since most net pays in cold production are less than 10m thick, vertical seismic resolution is crucial for detecting the images of drainage regions, which are determined by the velocity and the frequency bandwidth. Tremblay, B., 1999, A review of cold production in heavy oil reservoirs, EAGE,10 th European Symposium on Improved Oil Recovery, Brighton, UK , Augest.
(a) with a frequency bandwidth of 100Hz (a) with a frequency bandwidth of 50Hz Figure 7 Migrated sections with the drainage regions
